Abstract Coffin-Lowry syndrome (CLS) is a rare form of X-linked mental retardation caused by mutations of the RSK2 gene, associated with cognitive impairment and skeletal malformations. We conducted the first morphometric study of CLS brain morphology by comparing brain volumes from two CLS families with healthy controls. Individuals with CLS consistently showed markedly reduced total brain volume. Cerebellum and hippocampus volumes were particularly impacted by CLS and may be associated with specific interfamilial RSK2 mutations. We provide preliminary evidence that the magnitude of hippocampus volume deviation from that of controls may predict general cognitive outcome in CLS.
Introduction
Coffin-Lowry syndrome (CLS) is a rare form of X-linked mental retardation (XLMR). The syndrome is characterized by skeletal malformations, particularly involving the face and hands, growth retardation, hearing deficit, and increased risk for paroxysmal movement disorders as well as cognitive impairment in affected males and some carrier females. CLS is caused by mutations in a gene located at Xp22.2 that encodes ribosomal S6 kinase-2 (RSK2) [1] [2] [3] [4] [5] . RSK2 is expressed in various brain structures, including cortex, cerebellum, and hippocampus [6, 7] . Previous qualitative studies of gross neuropathology in CLS indicate that hydrocephalus, white matter lesions, abnormal gyrification, and dysgenesis of the corpus callosum can occur in affected individuals [8] [9] [10] . To date, no quantitative studies of brain morphology in CLS have been conducted.
In this report, we examined brain morphology associated with CLS in an effort to better understand the associations among genes, brain, and cognition. We obtained whole brain and regional volumes, including tissue specific, gray, and white matter measurements, from magnetic resonance brain images (MRI) acquired from two families with CLS. We then compared these volumes descriptively with those of age-and gender-matched typically developing controls. affected brother, age 4.4 years. The mutation in Family 2 is located in the 3′end of the gene in close proximity to the externally regulated kinase (ERK) docking domain. Intellectual functioning (IQ) was assessed for all CLS participants using the Stanford Binet Intelligence Scale, fourth edition [11] , with the exception of the 4-year-old child whose IQ was measured using the Developmental Profile II IQ Equivalent [12] .
MRI acquisition MRI scans for Family 1 were acquired at Self Regional Healthcare in Greenwood, South Carolina, and scans for Family 2 were acquired at Stanford University. Recent studies suggest that anatomical MRI data collected across sites using comparable acquisition procedures and equipment can be compatible [13] . All MRI scans used in this study were obtained with whole-body GE 1.5T Signa scanners (GE medical systems, Milwaukee) at Stanford and Self Regional Healthcare. Additionally, MRI scans of 58 age-and gender-matched typically developing controls were obtained from the structural neuroimaging database at Stanford University School of Medicine. Participants were excluded for MRI contraindications (e. g., orthodontia). Controls were selected after exclusion for any history of neurological, cognitive, or psychiatric disorders. Institutional Review Boards at both sites approved this study. Coronal brain images were acquired with an identical 3D volumetric radio frequency spoiled gradient echo pulse sequence using the following scan parameters: TR=35 ms, TE=6 ms, flip angle=45°, NEX=1, matrix size =256×192, field of view=24 cm, slice thickness=1.5 mm, and 124 contiguous slices.
MRI analysis All image processing was completed at Stanford University. Scans conducted at Self Regional Healthcare were transferred to Stanford via optical disks. MRI scans were imported into BrainImageJava (cibsr. stanford.edu/tools) for semi-automated whole brain segmentation and quantification in the coronal plane. Data processing steps included removal of non-brain tissues from the images, correction of equipment-related image artifacts, segmentation of tissue components [gray, white, and cerebrospinal fluid (CSF)], normalization of image position, and parcellation of the cerebral cortex into lobe and subcortical regions based on a stereotaxic atlas template, as previously described and validated [14, 15] . The hippocampus was manually delineated for each participant in the coronal plane according to previously described methods [16] , using gray-scale volume stacks derived from the whole brain analysis. However, only a subset of the typically developing controls had available hippocampus measurements for comparison (n=27). Interrater reliability obtained by interclass correlation exceeded 0.90 for all variables reported in this study.
Typically developing controls were grouped by age and gender based on the following conventions: young pediatric males (mean age=4.9±2.6, range=1.8-8.5, n=16); older pediatric males (mean age=9.5±1.1, range=8-10.8, n=12); pediatric females (mean age=7.8±0.8, range=5.7-8.7, n= 17); and adult females (mean age=30.9±1.8, range=26.6-33.4, n=11). Means and standard deviations were calculated for each MRI volume for the control groups. Corrected, or proportional, volumes also were computed using the ratio of regional volumes to total brain volume (multiplied by 100) to determine differences that were disproportionate to overall brain volume. MRI volume results for the CLS families were compared to the appropriate control group by calculating z scores for each participant in the CLS families. Z scores that were at least ±1.5 were considered "significant".
Results
Individuals with CLS, including carrier females and affected males, consistently demonstrated significantly reduced total brain volumes. This tended to include both gray and white matter as well as the cerebral lobes, particularly the temporal lobe ( Fig. 1 ; Tables 1 and 2 ) showing marked reduction in the CLS subjects compared to age-and gender-matched controls. 31F 31-year-old carrier woman; 7F 7-year-old carrier female children; 8-10M 8-and 10-year-old affected male children; 4M 4-year-old affected male child
Discussion
We report in this paper the first volumetric study of the neurodevelopment associated with Coffin-Lowry syndrome (CLS). These are very preliminary data based on case studies. However, as CLS and many other XLMR disorders occur infrequently, case studies offer a novel opportunity to investigate the potential impact of particular X-linked genes on neurodevelopment. We compared brain morphological findings from individuals with CLS with those from ageand gender-matched typically developing controls.
The most consistent finding across individuals with CLS was the reduced total brain volume compared to controls (Fig. 1) . Decreased brain volume in CLS is likely to stem from disruption of core RSK2 protein functions associated with mutations of this gene. The RSK2 protein activates the transcription factor cyclic AMP response element binding protein (CREB) [17, 18] , which in turn, regulates neuronal Control data shown as mean (standard deviation) 8-10M 8-and 10-year-old affected male children; 4M 4-year-old affected male child; family 1 relatives marked in bold; family 2 relatives marked in italics a Significantly different from controls (z score of absolute volume=±1.5) b Disproportionately reduced compared to controls (z score of proportional volume=−1.5) c Disproportionately enlarged (z score of proportional volume=+1. 5) survival factors and is required for axonal growth, neuroprotection, and synaptic plasticity associated with long-term memory. Abnormalities in CREB function may result in increased apoptosis [19, 20] . Accordingly, our present results suggest that diffuse reduction in brain volume may be a neuroanatomical marker for decreased neuronal survival within the developing CLS brain.
Our findings further suggest that development of the temporal cortex, cerebellum, and hippocampus may be particularly affected by RSK2 mutations. RSK2 is known to be highly expressed in the human cerebellum and hippocampus [6] . The present study offers the first evidence, albeit preliminary, of morphological abnormalities of these structures in association with CLS. In Family 1 of the present study, the 8-year-old affected male child had disproportionately enlarged cerebellum, whereas his affected brother did not. The brothers' cognitive abilities were similarly impaired, but the 8-year-old child demonstrated a 33% lower finger-tapping score, a measure of fine motor function [21] . Additionally, in family 2, the female carrier twin 2 (T2; Tables 1 and 2) appeared to have more serious morphological abnormalities compared to her sister, who also showed disproportionately enlarged cerebellum. Although finger-tapping scores were not available for this individual, she did demonstrate much lower IQ than her sister who did not demonstrate disproportionately large cerebellum volume. Therefore, abnormalities of cerebellum morphology in CLS may be associated with greater risk for certain cognitive deficits. However, replication of these findings with larger samples and more specific cognitive testing are required.
The impact of RSK2 on the temporal lobe, particularly the hippocampus, may involve signaling pathways responsible for learning and memory. Persistent neuronal stimulation activates a cascade of molecular components that results in transcription and translation of new proteins, which strengthen and increase the number of synapses [18, 22] . The RSK2 protein is directly involved in these signaling pathways [23, 24] . Thus, alteration of RSK2 protein function resulting from mutations in CLS may disrupt the mechanisms necessary for the development and maintenance of new synapses in the hippocampus, a structure characterized by high synaptic activity, which is crucial for cognitive function.
However, variation from normative hippocampus morphology was not consistent across the two families with CLS, with family 1 members manifesting enlarged volume (absolute and proportional) and family 2 relatives showing reduced absolute volume ( Fig. 2 ; reduction in proportional hippocampus volume in the 4-year-old affected male child in family 2 approached our definition of significance: z=−1.39). This interfamilial resemblance of hippocampus morphology may initially suggest some genetic influence common to each family (unrelated to RSK2), although previous studies have shown that hippocampus volume is less heritable than other brain volumes [25] and is likely to be influenced by factors such as environmental stimulation and cortisol function [26] . It is possible that these divergent morphological findings may also be due, in part, to different RSK2 mutations giving rise to variations of RSK2 protein function in the two families. Family 1 relatives demonstrated a mutation of the N-terminal kinase catalytic domain of RSK2, while the mutation in family 2 was in close proximity to the ERK docking domain. CREB and ERK pathway function have both been directly implicated in hippocampus development and function [27] [28] [29] [30] [31] . While a hypothesis linking differences in RSK2 mutations to neuroanatomical variation is speculative at this point, further genotype-brain phenotype studies in CLS may provide more definitive data in the future.
Although hippocampus morphology was different between the two families, it is interesting to note that the correlation of the absolute value of hippocampus z scores (i.e., the magnitude of deviation from the control group mean) with IQ approached significance when examined across both families (r=−0.64, p=0.06, Supplementary  Fig. 1 ). This finding suggests that in CLS, the degree of hippocampus abnormality, rather than the direction (i.e., increased or decreased volume), most accurately predicts functional outcome. Although the small sample size of the combined CLS group greatly limits the interpretability of these results, they are broadly consistent with the occurrence of hippocampus volume abnormalities in multiple populations with cognitive deficits, including Alzheimer's 31F 31-year-old carrier woman; 7F 7-year-old carrier female children; 8-10M 8-and 10-year-old affected male children; 4M 4-year-old affected male child disease, schizophrenia, and Down's syndrome [32] . These findings are very preliminary and require replication with larger samples but give direction for future studies involving the brain morphology and cognitive outcome of CLS as well as other XLMR syndromes.
RSK2 mutations may modulate the risk for cognitive impairment in CLS through altered early neurodevelopment (i.e., reduced or enlarged volumes) in combination with disruptions in ongoing neural organization and plasticity via the learning and memory signaling pathways. It will be essential to study the morphology and function of specific brain regions involved in learning and memory (e.g., hippocampus, prefrontal cortex) to determine the potential impact of disrupted neuronal plasticity in CLS. Additionally, studies involving assessment of neuroanatomy, mutation type, and cognitive-behavioral outcome in CLS are required to elucidate essential links among gene, brain, and cognition. Continued studies combining genetic analysis, neuroimaging, and cognitive outcome with larger CLS samples hold promise for improving our understanding of the influence of X-linked genes on brain development and function.
